The 2 main degradative pathways that contribute to proteostasis are the ubiquitin-proteasome system and autophagy but how they are molecularly coordinated is not well understood. Here, we demonstrate an essential role for an effector caspase in the activation of compensatory autophagy when proteasomal activity is compromised. Functional loss of Hsp83, the Drosophila ortholog of human HSP90 (heat shock protein 90), resulted in reduced proteasomal activity and elevated levels of the effector caspase Dcp-1. Surprisingly, genetic analyses showed that the caspase was not required for cell death in this context, but instead was essential for the ensuing compensatory autophagy, female fertility, and organism viability. The zymogen pro-Dcp-1 was found to interact with Hsp83 and undergo proteasomal regulation in an Hsp83-dependent manner. Our work not only reveals unappreciated roles for Hsp83 in proteasomal activity and regulation of Dcp-1, but identifies an effector caspase as a key regulatory factor for sustaining adaptation to cell stress in vivo.
Introduction
Proteostasis, or protein homeostasis, is a term that describes how the proteome is regulated and maintained to protect cellular integrity. Loss of proteostasis is a common feature of aging and diseases such as cancer and neurogenerative disorders as it causes inappropriate protein aggregate formation in various tissues. 1 This aggregation is routinely managed by the proteostasis network, a network defined by macromolecular machines that contribute to maintenance of proteome integrity by coordinating protein synthesis, folding, disaggregation, and degradation. 1 The 2 main degradative pathways that contribute to proteostasis are the ubiquitin-proteasome system (UPS) and autophagy. The proteasome consists of a core 20S cylindrical complex containing proteolytic sites with 2 19S regulatory complexes at each terminus to form the functional 26S proteasome. It serves as a major contributor to proteostasis by degrading misfolded, damaged proteins and regulatory proteins that have been targeted with ubiquitin, along with a few exceptional ubiquitin-free proteins that can also be degraded by the proteasome. 2, 3 Macroautophagy (hereafter referred to as autophagy) is a ubiquitous cellular process responsible for the degradation of long-lived proteins and turnover of organelles. It is a multistep process involving the formation of a doublemembrane phagophore that engulfs cytoplasmic cargo and delivers it to the lysosome for degradation. In instances when the UPS is dysfunctional, it has been shown in multiple systems that compensatory autophagy contributes to protein degradation in an effort to maintain healthy cellular proteostasis. [2] [3] [4] [5] However, the molecular mechanisms that regulate compensatory autophagy are not well understood.
Heat-shock proteins play a central role in proteostasis by controlling protein expression, acting as chaperones, and assisting with protein disaggregation and degradation. 6 One of the most conserved, ubiquitous and highly-expressed heat-shock proteins is HSP90. HSP90 is a chaperone that alters protein configurations using ATP hydrolysis in a homodimer conformation, and has a large and growing "clientele" of greater than 200 proteins including numerous nuclear receptors, protein kinases, and transcription factors. 7 The wide associations of HSP90 play a pivotal role in cell signaling and regulation of diverse cellular processes in normal biology and its dysregulation can have a marked effect on disease. HSP90 has emerged as a molecule of interest for cancer therapeutics as its upregulation, mislocalization and stabilization of proteins involved in metastasis, evasion of apoptosis and proliferation make it a prime target. [8] [9] [10] While HSP90 is known to be an important hub for signaling and proteostasis, there are many HSP90 relationships and related pathways yet to be discovered.
Investigations into the regulation of autophagy have led to the discovery of a Drosophila effector caspase, Dcp-1, that promotes starvation-induced autophagy in Drosophila oogenesis. 11, 12 Although caspases are well known for their role in apoptosis, it is becoming increasingly evident that caspases have nonapoptotic functions in diverse processes such as immunity, differentiation, compensatory proliferation and autophagy. [12] [13] [14] In an effort to elucidate the molecular mechanisms underlying Dcp-1-mediated autophagy regulation, an immune-affinity purification (IAP) and tandem mass spectrometry (MS/MS) assay has identified sesB, an adenine nucleotide translocase, as a downstream regulator of autophagy. 11 Upstream factors and other downstream pathway components and their relationship to Dcp-1-mediated autophagy still remain largely unknown.
In this paper we report 24 candidate Dcp-1-interacting proteins identified in the IAP-MS/MS screen, 13 of which were found to negatively regulate autophagic flux in vitro. We focused further on one of the identified interactors, Hsp83, since its human ortholog HSP90 has links to disease, proteostasis and a current ambiguous role in autophagy. [15] [16] [17] In vivo analyses revealed that loss-of-function Hsp83 mutants induced autophagy and cell death during Drosophila mid-oogenesis. Biochemical analyses showed that Hsp83 binds to the zymogen pro-Dcp-1 and that the loss of Hsp83 led to elevated levels of cleaved and pro-Dcp-1 that were not due to transcriptional regulation. As an explanation for elevated levels of Dcp-1, we investigated the functionality of the UPS, and found that Hsp83 mutants had decreased proteasomal activity. The levels of Dcp-1 were increased in flies with suppressed proteasomal activity supporting that Dcp-1 itself is affected by the proteasome. Analysis of Dcp-1;Hsp83 double mutants indicated that Dcp-1 was responsible for autophagy induced in mid-stage egg chambers (MSECs) and larval fat bodies, female fertility and organism viability when Hsp83 function is compromised. Additionally, in vitro double RNAi experiments revealed that Dcp-1 is needed to induce autophagy when Hsp83 or the proteasomal subunit Rpn11 is knocked down. These findings indicate that Hsp83 is important for basal proteasomal activity and that loss of it causes an induction of Dcp-1-mediated compensatory autophagy.
Results

Proteomic analysis and RNAi screen identify candidate Dcp-1-interacting proteins that modulate autophagy
To identify candidate substrates and interactors of Dcp-1 that regulate starvation-induced autophagy, we took an IAP-MS/ MS-based approach.
11 Catalytically inactive Dcp-1 (Dcp-1 C<A ) was overexpressed in Drosophila l(2)mbn cells to stabilize the interactions that would normally be transient if there was proteolytic activity. Following immuno-affinity purification, cell lysates were analyzed by LC-MS/MS to identify copurifying proteins. A subset of 24 high-confidence candidate interacting proteins was identified that met the selection threshold detailed in Materials and methods (Table 1, S1) . Using this method, we have previously reported sesB as an interacting partner of Dcp-1. 11 We selected all 24 candidates for subsequent autophagy analyses, initially using a RNAi and LysoTracker Ò Green (LTG) flow cytometry strategy that we described previously. 12 Of the 24 candidates, 13 showed a statistically significant Notes. The mean number of unique peptides that corresponded to each gene and the mean X!Tandem log (e) score for the peptides identified are listed. The human gene names were determined from a BLAST analysis of the Drosophila genes against the human UniProt database. The list is ordered by number of observations made from 4 independent immuno-affinity purifications of the Dcp-1 protein (Expts) with the most being 4 out of 4 experiments and the least being 2. See Table S1 for all raw values. a reported in. Ò Green and autolysosomes in vitro (A) RNAi-treated l(2)mbn cells stained with LysoTracker Ò Green (LTG) and starved to measure autophagy-associated activity via flow cytometry. Error bars represent § SEM(n D 3). Statistical significance was determined using one-way ANOVA with a Dunnet post-test. Knockdown of targets that significantly increased LTG levels are indicated in red (P < 0.05), and knockdown of targets that significantly decreased LTG levels are indicated in blue (P < 0.05). All samples were compared with the negative Amp control dsRNA (ampicillin resistance gene) that is shown in black. (B to G) Analysis of RFP-GFP-Atg8a puncta in RNAi-treated Drosophila S2 cells. At least 50 cells were counted per treatment (n D 3), and graphs represent the average number of autolysosomes per cell relative to the Amp control. Error bars represent the average § SEM, and statistical significance was determined using one-way ANOVA with a Dunnet post-test. (B) Cells were subjected to nutrient rich or deprived conditions for 7 h in the presence or absence of 0.1 mM bafilomycin A 1 (BafA1).
ÃÃÃÃ P < 0.0001. (C) Cells were treated with Amp, Rheb, or S6k dsRNA and subjected to 7 h of starvation, increase in LTG fluorescence following RNAi and starvation treatment, indicating that these candidates act as potential negative regulators of autophagy (Fig. 1A) . The 24 candidates were compared with control RNAi-treated cells: Rheb, a negative regulator of autophagy that significantly increased LTG fluorescence following starvation, and S6k, a positive regulator of autophagy that significantly reduced LTG fluorescence (Fig. 1A) . A second set of nonoverlapping dsRNAs were designed and used to validate the LTG findings (Fig. S1 ). The 13 validated hits included the heat shock proteins Hsc70-4, Hsp70Aa, Hsp60A and Hsp83, translation initiation factor eIF4A, the chromatin remodeler Mi-2, the ribosomal constituent sta, the AAA C ATPase TER94, the chloride intracellular channel protein Clic, the proteasome activator REG, and the mitochondrial proteins ATPsynb, blw and sesB.
Candidate Dcp-1 interacting partners regulate autophagic flux in vitro
To investigate the role of candidate Dcp-1 substrates and interacting partners in autophagic flux in vitro, we monitored autolysosome formation using a Drosophila S2 cell line stably expressing RFP-GFP-Atg8a. Following autophagy induction, Atg8 becomes lipidated and inserted into the autophagosomal membrane. Here, the overlap of RFP and GFP fluorescence results in the formation of yellow puncta that signify autophagosomes. In the acidic environment of the autolysosome, GFP fluorescence is quenched, whereas RFP fluorescence remains, and the resulting red puncta indicate that flux through the lysosomal compartment has occurred. 18, 19 As expected, we observed a significant increase in the number of autolysosomes per cell following starvation and this was blocked following the addition of the late-stage autophagy inhibitor bafilomycin A 1 (BafA1) (Fig. 1B, D) . As an additional control, we monitored the formation of autolysosomes following RNAi-mediated knockdown of Rheb and S6k and found a significant increase and decrease, respectively, in the number of autolysosomes per cell (Fig. 1C, E) . Candidate Dcp-1-interacting partners that modified LTG following starvation were next tested for their ability to mediate autophagic flux in vitro. We found that RNAi-mediated knockdown of all 13 candidates significantly increased the number of autolysosomes per cell following starvation compared with the control (Fig. 1F and G) , indicating that these proteins negatively regulate starvation-induced autophagic flux in vitro. Knockdown of all 13 candidates in fed conditions also led to a statistically significant, although modest, increase in autolysosomes, with the greatest effects observed for the 4 heat-shock proteins identified (Fig. S1 ).
Loss of Hsp83 increases TUNEL staining, the percentage of mid-stage degenerating egg chambers (MSDECs) and autophagic flux Our in vitro autophagy assays revealed that Dcp-1 may regulate, or may be regulated by, one or more of the 13 identified negative regulators of starvation-induced autophagy. Of the interacting partners identified, we chose to focus on Hsp83. To further confirm our in vitro findings that Hsp83 acts as a negative regulator of autophagy we designed additional Hsp83 dsRNAs and analyzed LTG levels by flow cytometry (Fig. S2) . Two RNAi constructs used for further experiments were tested for efficacy and consistently achieved 65% to 80% knockdown (Fig. S2) .
For in vivo autophagy analyses, we chose to analyze Drosophila ovaries as nutrient deprivation leads to both Dcp-1 dependent cell death and autophagy. 11, 20 Loss-of-function studies were performed using transheterozygous (transhet) combinations of Hsp83 alleles because Hsp83 homozygous mutant flies are lethal. 21 Fig. 2A to C ). MSECs undergoing cell death are characterized by nurse cell nuclear condensation and fragmentation, uptake of the germline by follicle cells and follicle cell death. 23 These findings suggest that there is an increase in lysosomal activity, a key feature of autophagy, in addition to cell death.
As an additional measure to examine autophagic flux, we used the tandem-tagged Atg8a reporter system expressing GFP-mCherry-Atg8a in the germline of Hsp83 transhets in nutrient-rich conditions. Due to the nature of the cross, Hsp83 6-55/C and either Hsp83 e6A/C or Hsp83 e6D/C were pooled and analyzed together. First, we confirmed that expression of the Atg8a reporter construct did not affect the frequency of MSDECs (Fig. 2D) . Hsp83 e6A/6-55 and Hsp83 e6D/6-55 had very distinct MSDECs that had high levels of autolysosomes in comparison to the control Hsp83 heterozygotes (Fig. 2E-G) . It was found that 75% to 90% of MSDECs had greater than 5 autolysosomes compared with only 15% to 20% when carrying one mutated Hsp83 allele (Fig. 2E ). The nondegenerating MSECs in the mutant transhets and the controls looked morphologically normal and did not appear to have high levels of autophagic flux (Fig. 2H, I ). From these studies we can conclude that loss of Hsp83 enhances the percentage of MSDECs undergoing autophagic flux. To determine if the phenotype is affected by the stress of nutrient deprivation, the flies were fed a sucroseonly diet for 4 to 5 d. Both the control Hsp83 heterozygotes and the mutant Hsp83 e6A/6-55 transhets showed an increase in autolysosomal activity in the early stage egg chambers. However, in the mutant Hsp83 transhets only, we observed an exacerbated phenotype of nearly obliterated mCherry-positive mid-stage egg chambers in contrast to the degenerating mid-stage egg chambers observed in fed conditions (Fig. S3 ).
Hsp83 interacts with pro-Dcp-1 and regulates its levels
To further understand the nature of the interaction between Hsp83 and Dcp-1, we tested if Hsp83 is cleaved by Dcp-1. In vitro cleavage assays were performed using catalytically active Dcp-1 (Dcp-1 FL ) and catalytically inactive Dcp-1 (Dcp-1 C<A ) that were purified from l(2)mbn cells. Whereas Dcp-1 FL was able to cleave in vitro translated Drice, a known target of Dcp-1 proteolytic activity, 24 there were no detectable Hsp83 cleavage products (Fig. 3A) .
Because Dcp-1 does not cleave Hsp83, we reasoned that Hsp83 might be affecting Dcp-1 since chaperones stabilize proteins or facilitate their turnover. First, we investigated whether Hsp83 interacted with the full-length zymogen and/or the truncated active form of Dcp-1. Hsp83 and full-length Dcp-1 were confirmed to associate via affinity isolation assays using either Hsp83 or full-length Dcp-1 C<A as bait (Fig. 3B, C) . However, the truncated form of Dcp-1 did not pull down Hsp83, indicating that the prodomain of Dcp-1 is required for its association with Hsp83 (Fig. 3D) . We next quantified levels of the zymogen proDcp-1 in Hsp83 flies by western blot analysis. Hsp83 e6A/6-55 and Hsp83 e6D/6-55 flies showed a significant increase in the levels of pro-Dcp-1 in comparison to wild type and the single alleles of Hsp83 (Fig. 3E, F) . To determine if Hsp83 loss also led to elevated levels of catalytically active Dcp-1, we analyzed levels of cleaved Dcp-1 by scoring immunofluorescence. We found a statistically significant increase in the percentage of MSECS that stained positively for cleaved Dcp-1 in Hsp83 mutants compared with controls ( Fig. 3G, H) . The elevated levels of both pro-Dcp-1 and processed Dcp-1 indicate that loss of Hsp83 does not impair pro-Dcp-1 processing into its active form.
To test the possibility of transcriptional regulation as a reason for the elevated Dcp-1, we performed qRT-PCR on RNA extracts from Hsp83 flies. We found that there was no significant difference in Dcp-1 transcript levels between Hsp83 transhets, Hsp83 heterozygote controls and wild type (Fig. 3I ). These data suggest that loss of functional Hsp83 leads to increased Dcp-1 that is independent of transcriptional regulation. Next, we explored the potential role of the death-associated inhibitor of apoptosis 1 (Diap-1) protein. Diap1 was shown previously to ubiquitinate and inhibit the activity of cleaved Dcp-1 without affecting its levels, 25 but the consequences on pro-Dcp-1 levels are unknown. We overexpressed Diap1 in vivo and found that Diap1 overexpression did not have a significant effect on the protein levels of pro-Dcp-1 (Fig. S4A, B) . We also overexpressed Diap1 in the Hsp83 transhet background and found no statistically significant difference in levels compared with the Hsp83 transhets (Fig. S4C, D) . These results, together with the association of Hsp83 with only the zymogen form of Dcp-1, indicate that the regulation of pro-Dcp-1 levels in this context is largely independent of Diap-1.
Hsp83 mutants have reduced proteasomal activity
Orthologs of Hsp83, yeast Hsc82 and Hsp82 (orthologs of mammalian HSP90a and HSP90b, respectively), and human HSP90a, are needed for 26S proteasomal assembly respectively in yeast and in humans for antigen processing. 26, 27 To test whether altered proteasomal activity could be a possible explanation for the elevated levels of Dcp-1 observed in Hsp83 mutants, we used a luminescence assay with proteasome-targeted substrates that react when cleaved. Luminescence was significantly decreased in flies harboring RNAi targeting Prosa1, a subunit of the 20S proteasome, and in Hsp83 transhets when compared with Hsp83 heterozygote controls and wild-type flies (Fig. 4A) . To confirm the decreased proteasome activity in Hsp83 transhets, we expressed the proteasome activity reporter CL1-GFP, a fusion protein with a degradation signal introduced into the otherwise stable GFP molecule, 28 in the larval fat body using the larval midgut specific driver cg-GAL4. The Hsp83 transhets had a marked increase in GFP expression relative to controls, indicating inefficient turnover of CL1-GFP (Fig. 4B, C) . The observed reduction in proteasomal activity could explain why Dcp-1 levels are elevated in the Hsp83 transhet mutants.
Reduction in proteasomal activity leads to an increase in Dcp-1
To determine if Dcp-1 levels are affected by the proteasome, we quantified levels of Dcp-1 in an RNAi line targeted against Rpn2, a regulatory subunit of the 26S proteasome. RNAi knockdown was enhanced by expressing one copy of Dcr-2/ Dicer2 using the oogenesis-specific driver nosGAL4. An increase in temperature enhances expression of GAL4-driven Dcr-2 under the UAsp promoter and thus the knockdown is more efficacious. Rpn2 RNAi flies (Rpn2/Dcr-2) or control flies (Dcr-2), were incubated at 18 C or 25 C for 2 d before collection. The enhanced knockdown of Rpn2 at 25 C correlated with a greater increase in pro-Dcp-1 levels in comparison to the Dcr-2 flies (Fig. 4D, E) . In addition to genetic suppression of the proteasome, we tested pharmacological inhibition by feeding flies the proteasome inhibitor MG132. A significant decrease in proteasomal activity was observed in both wild type and Hsp83 transhets following MG132 treatment (Fig. 4F) . The levels of pro-Dcp-1 increased in wild type with the addition of MG132, consistent with the decrease in proteasomal activity (Fig. 4G, H) . There was no further increase in the levels of pro-Dcp-1 in Hsp83 transhets treated with MG132 compared with the DMSO control despite reduced proteasomal activity. Together, these results show that Dcp-1 levels are affected by the proteasome and that the reduction of Dcp-1 is dependent on functional Hsp83.
Hsp83 loss induces Dcp-1-dependent compensatory autophagy that is required to maintain female fertility and larval viability
We previously found that Dcp-1 levels are increased and induce autophagic flux in response to starvation. 11, 12 To understand if the increased levels of autophagy in Hsp83 mutants are dependent on Dcp-1, we performed an epistasis experiment. We constructed double mutants consisting of Hsp83 transhets and the Dcp-1
Prev1 loss-of-function alleles. Ovaries from Dcp-1
Prev1
flies contain persisting nurse cell nuclei and premature loss of follicle cells. 20 We found the MSECs of double mutants Dcp-1 Prev1 ; Hsp83 e6A/6-55 and Dcp-1 Prev1 ; Hsp83 e6D/6-55 flies have a phenotype similar to Dcp-1 Prev1 but with several differences (Fig. 5A, B) . The MSECs appear to have a premature loss of follicle cells, similar to Dcp-1 Prev1 flies, but the nurse cell nuclei are only partially condensed relative to those observed in MSDECs from Hsp83 transhet mutants. The nurse cell nuclei in Hsp83; Dcp-1
Prev1 double-mutant MSECs also stain positively for TUNEL similar to Hsp83, however, fail to stain for LTR. To determine if the relationship between Hsp83 and Dcp-1 occurs in other tissues we analyzed the larval fat body. The larval fat body is also a good model for monitoring autophagy as it is sensitive to oxidative stress and starvation. 29, 30 Fat bodies from Hsp83 transhets had increased TUNEL and LTR staining, similar to the ovaries. In addition, fat bodies from Dcp-1;Hsp83 double mutants had only TUNEL staining whereas control Hsp83 alleles, Dcp-1
Prev1 and wild-type flies had no significant LTR or TUNEL (Fig. 5C, D) .
The Hsp83;Dcp-1 Prev1 double mutants also affected fecundity as both females and males were sterile whereas only male Hsp83 transhets are sterile and Dcp-1 Prev1 flies are fertile. In addition, the double mutants showed a reduction in viability with a significant increase in the fraction of animals dying in the pharate adult stage and not being able to eclose, as quantified by the ratio of dead pharate adults to eclosed pupae (P < 0.01) (Fig. 5E) . These results suggest that loss of Hsp83 can lead to activation of cell death through a pathway independent of Dcp-1, but that loss of Hsp83 induces compensatory autophagy through a pathway that requires Dcp-1.
To further validate the relationship between Hsp83 and Dcp-1, we conducted RNAi studies in the S2-GFP-RFP-Atg8a cell line as a more specific autophagy assay. As expected, Atg1 and Rheb showed a relative decrease and increase in the numbers of autolysosomes, respectively, compared with the control (Fig. 5F, G) . The decrease in autolysosomes seen in the Dcp-1 RNAi-treated cells was reiterated in the double knockdown of Hsp83 and Dcp-1 and was in stark contrast to the increase observed in Hsp83 RNAi-treated cells.
Proteasome disruption induces Dcp-1-dependent compensatory autophagy
To determine if Dcp-1 is required for compensatory autophagy following proteasome disruption specifically we used RNAi targeted against Rpn11, a Drosophila proteasome regulatory subunit, that was shown to compromise proteasomal activity. 31 Similar to Hsp83-RNAi, the Rpn11-RNAi resulted in enhanced levels of autolysosomes that were significantly reduced in combination with Dcp-1 RNAi (Fig. 6A, B) . Since mutant Hsp83 transhets showed an increase in pro-Dcp-1, cleaved Dcp-1, and LTR staining, we investigated whether there was also an increase in cleaved Dcp-1 and LTR staining in proteasomecompromised flies in addition to the elevated pro-Dcp1 levels already observed (Fig. 4D, E) . Rpn2/Dcr-2 flies kept at 25 C showed a significant increase in the number of MSDECs expressing cleaved Dcp-1 that were LTR positive (Fig. 6C, D) . To determine if LTR levels correlated with Dcp-1 levels, we quantified staining at both 18 C and 25 C, and found a significant increase (P < 0.05) in LTR staining, along with increased Dcp-1 levels, at the higher temperature (Fig. 6E) . Together, these findings support that the increase in autophagy detected in vitro and in vivo in response to reduced proteasome function is regulated by Dcp-1.
Discussion
In this study we identified 13 putative negative autophagy regulators that could be involved in Dcp-1-mediated regulation of autophagy via an IAP and MS-MS, and flow cytometry screen. Of those interactors, we further characterized the role of Hsp83 and found that it negatively regulates autophagy and cell death in Drosophila in vivo and in vitro. Hsp83 was found to interact with the zymogen pro-Dcp1, and loss of Hsp83 function led to a decrease in proteasomal activity and an increase in Dcp-1 that was not transcriptionally regulated. Analysis of proteasome-compromised flies also showed an increase in levels of Dcp-1 and LTR staining supporting that Dcp-1 is regulated by the proteasome. The Dcp-1 observed in Hsp83 mutants was found to be required for the ensuing compensatory autophagy, and contributed to both female fertility and development to adulthood. These findings highlight a novel role for Hsp83 in the proteasome-dependent regulation of pro-Dcp-1 that functions normally to prevent activation of autophagy (Fig. 6F) .
Putative Dcp-1 interactors identified
It is possible that the 11 additional proteins identified in the IAP-MS/MS study may also positively or negatively regulate autophagy, but due to potential incomplete knockdown by RNAi or functional redundancy did not show an autophagy phenotype. Further in vivo studies to validate the remaining genes identified in the RNAi screen for their autophagy-regulatory role during Drosophila oogenesis or in other tissues will be valuable. It will be important to identify potential Dcp-1 cleavage substrates as it has been found that Dcp-1 catalytic activity is required to activate autophagy. pro-Dcp-1 levels are regulated by the proteasome Caspases require constitutive regulation to prevent unwanted activation and cell death. Inhibitor of apoptosis proteins are one way caspases can be regulated, acting either through baculovirus inhibitor of apoptosis protein repeat (BIR) domain binding or E2-E3 ubiquitin ligase activity which can be degradative or nondegradative. 32 While the active (cleaved) form of Dcp-1 is regulated by Diap1 through nondegradative ubiquitination, 25 it was unknown how or if the zymogen form of Dcp-1 is regulated. We found that the elevated levels of pro-Dcp-1 in Hsp83 mutants neither correspond to Diap1 levels nor to transcript levels. Instead, we found that pro-Dcp-1 levels were elevated following the loss of function of Hsp83, 2 different proteasomal subunits or pharmacological inhibition of the proteasome. While other Drosophila caspases, Drice and Dronc, were found not to be stabilized by proteasome inhibition, 25, 33, 34 there is precedence for proteasome regulation of the cleaved form, but not the proform, of CASP8 and CASP3 in human cell lines. 35, 36 Based on our protein interaction studies that showed Hsp83 only interacts with the proform of Dcp-1, we propose a model where Hsp83 acts at a relatively early stage, before Diap1, to regulate levels of pro-Dcp-1 via the proteasome in basal conditions. Functional loss of Hsp83 results in elevated pro-Dcp-1 that is available for the subsequent cleavage into active Dcp-1 and the induction of autophagy. Further studies are required to determine if pro-Dcp-1 itself is being directly processed by the proteasome or is instead indirectly regulated by the proteasome through as of yet unknown molecular components. Another outstanding question is the threshold of Dcp-1 required for autophagy induction.
Hsp83 mediates proteasomal degradation
It has been shown previously that Hsp83 plays a role in promoting protein degradation involving a degradative complex function. Loss of Hsp83 leads to a build-up of proteins targeted for degradation in the cell cycle due to inhibition of the anaphase-promoting complex/cyclosome. 21 In a Drosophila neurodegenerative disease model, Hsp83 is required for targeting the mutant protein TPI sugarkill for proteasomal degradation, 37 and, similarly, the human ortholog HSP90 is required for the delivery of substrates to the proteasome. 38 While proteasomal activity was further decreased in Hsp83 transhets treated with MG132, the level of pro-Dcp-1 was not further increased, suggesting that Hsp83 specifically is a rate-limiting step in the proteasomal processing of pro-Dcp-1. However, it is still unknown if the physical interaction between pro-Dcp-1 and Hsp83 is ultimately important for proteasomal regulation of pro-Dcp-1, or if Hsp83 acts indirectly to control pro-Dcp-1 levels by promoting proteasomal activity. Since Hsp83 and pro-Dcp-1 could have been immuno-affinity purified in a complex involving the proteasome, further work is required to understand if pro-Dcp-1 requires Hsp83 for delivery or targeting to the proteasome or if Hsp83 might play a more direct role at the proteasome to facilitate degradation of pro-Dcp-1.
Dcp-1 regulates compensatory autophagy
Proteostasis requires a balance between the 2 major degradative UPS and autophagy pathways. When proteasome activity is inhibited, as is the case in Hsp83 mutants, there is increased autophagic flux known as compensatory autophagy. 39 Previous to this study, Dcp-1 is reported to be a positive regulator of autophagy only in the context of starvation although overexpression also induces autophagy. 11, 12, 40 Here, we observed a Dcp-1 dependent increase in the number of autolysosomes or lysosomal staining with loss of Hsp83 or Rpn11, and thus reduced proteasomal activity, even in nutrient-rich conditions. In fly models compensatory autophagy occurs when the UPS is inhibited, 4, 5 but this is the first time an effector caspase has been reported to be involved. The discovery that Dcp-1 is required for compensatory autophagy when proteasomal activity is compromised begs further exploration into whether there are other forms of stresses or contexts, such as hypoxia, that also rely on Dcp-1 for autophagy induction.
Hsp83;Dcp-1 double mutants have effects on cell death, cell division, autophagy, fertility and development Loss of Dcp-1 prevents the autophagy that is otherwise induced in loss-of-function Hsp83 mutants, indicating a Dcp-1-dependent role in the regulation of autophagy in this context. In addition to autophagy dysregulation, double Dcp-1;Hsp83 mutants had other surprising phenotypes involving cell death and division. Dcp-1;Hsp83 flies had an abnormal number of persisting nurse cell nuclei that showed partial condensation and stained positively for TUNEL. This suggests that the cell death associated with Hsp83 loss is Dcp-1-independent and that Dcp-1 contributes at least partially to the pyknosis observed. The double mutants also rendered females sterile and did not rescue the male sterility observed in Hsp83 mutants, indicating an increasingly impaired phenotype. Furthermore, there was an increase in animals with developmental defects as more flies mutant with Hsp83 and Dcp-1 flies died in the pharate adult stage. This divergence between control of cell death and autophagy with Dcp-1 and Hsp83 is a unique and surprising finding. Discovery of this relationship provides a potential avenue for further understanding the complex cross-talk between autophagy and apoptosis, as well as for exploitation of promoting cell death without autophagy by counterintuitively targeting an effector caspase in the presence of Hsp83/HSP90 genetic or pharmacologic inhibition.
In summary, our Dcp1-related IAP-MS/MS strategy followed by an in vitro RNAi screen resulted in the identification of several novel regulators of autophagy and provides a foundation for further in vivo analyses. Further investigation into one of the interactors, Hsp83, led to the identification of its role not only in maintaining proteasomal activity but also suppressing autophagy through the maintenance of low levels of pro-Dcp-1. Understanding the role Hsp83 and its orthologs play is important as HSP90 plays a prominent role in cancer and neurodegeneration. 10, 41, 42 The knowledge that inhibition of HSP90 function can affect proteasomal activity and induce compensatory autophagy is particularly pertinent as HSP90 is currently a drug target under trial for these diseases. 41, 42 Additionally, the proteasome is inhibited by the drug bortezomib for treatment of cancers such as multiple myeloma and mantle cell lymphoma and has been shown to induce autophagy in melanomas. 43, 44 The identification of a caspase being responsible for the regulation of compensatory autophagy could be conserved in humans and is an important avenue for future investigation. This study highlights the discovery of a previously unidentified proteostatic relationship in Drosophila between Hsp83 and Dcp-1 in vivo.
Materials and methods
Fly strains
w 1118 was used as the wild-type control strain in this study. A complete list of stocks can be found in Table 2 . All flies were collected in nutrient-rich conditions at room temperature unless otherwise stated. 
Immuno-affinity purification (IAP) and MS/MS analysis
A detailed protocol for the IAP and MS/MS is described in a previous paper. 11 Putative interacting proteins were identified by having an X!Tandem log(e) score less than ¡3 and were identified in at least 2 experimental samples (V5-Dcp-1 C<A ) and not in the negative control (V5 vector only). Protein sequences corresponding to the identified peptides were obtained from FlyBase. A subset of high-confidence candidates that met the criteria of unique peptides 1, log(E) <¡3 and observed in at least 2 of 4 experiments from both fed and 2-h starvation conditions were selected.
dsRNA synthesis and RNAi
Each PCR primer for RT-PCR was designed to contain a 5' T7 RNA polymerase-binding site (TAATACGACTCACTA-TAGG) followed by sequences specific for the target gene. The ampicillin resistance gene was used as a control dsRNA. The PCR products were generated by RT-PCR using Superscript one-step RT-PCR with Platinum Taq (Invitrogen). RT-PCR products were ethanol precipitated and used as a template for in vitro transcription reactions using T7 RiboMax Express RNAi systems (Promega). Quality of the RNA was analyzed by gel electrophoresis. dsRNA was quantified using PicoGreen and adjusted to 200 to 400 ng/mL with nuclease-free water. PCR primers for dsRNA synthesis are listed in Table 3 .
l(2)mbn cells and S2-GFP-RFP-Atg8a were washed and resuspended in ESF921 medium (Expression Systems, 96-001-01) to a concentration of 2 £ 10 6 cells/mL. Cells (333 mL for 24-well plates or 1 mL for 6-well plates) were plated. dsRNAs were added at 10 mg (for 24-well plates) or 30 mg (for 6-well plates) per well and incubated at 25 C for 1 h. Following incubation, 667 mL (for 24-well plates) or 2 mL (for 6-well plates) of Schneider medium C 10% FBS was added back to each well and incubated for an additional 72 h at 25 C. S2-GFP-RFPAtg8a cells were transferred to an 8-well Chamber Slide (Thermo Fisher Scientific, 154941) overnight and the next d treated with a second dose of dsRNAs in E2F921 for 7 h before fixation. Puncta were either counted manually from saved microscopy images or automatically by using a contours discovery algorithm in OpenCV Python package as described in, 45 was applied to images preprocessed by filtering colors and applying a Gaussian filter and adaptive threshold.
For LTG (Invitrogen, L-7526) experiments for flow cytometry, 66 mL of 2 £ 10 6 cells/mL were plated in triplicate in a 96-well plate and analyzed on a BD FACSCalibur TM (BD Biosciences, San Jose, CA USA). dsRNA (10 mg) was added per well and incubated for 1 h at room temperature. Schneider medium C 10% FBS (134 mL) was added back to each well and incubated for 72 h at 25 C. Cells were then treated with a second dose of dsRNAs in ESF921 for 7 h before analysis.
Immunofluorescence studies and microscopy
Flies were conditioned on wet yeast paste for 2 d before dissection. Ovaries were dissected in phosphate-buffered saline (PBS; Sigma, P3813) and fixed with 4% paraformaldehyde. Flies expressing fluorescent reporters were then mounted with Slowfade Gold Antifade Reagent with DAPI (Invitrogen, S36939). Fluorescence intensity for the CL1-GFP reporter was measured by outlining the fat body observed in the DAPI channel and measuring the mean gray value from the unadjusted images in the GFP channel and subtracting the mean background using ImageJ 1.45s (https://imagej.nih.gov/ij/).
For immunofluorescence, ovaries were washed with PBS-T (PBSC0.3% Triton X-100 [Sigma, T8787]), permeabilized with 0.5% Triton X-100 and blocked with 2% BSA (Sigma, A2153) in PBS-T after fixation. The cleaved Dcp-1 antibody (Cell Signaling Technology, 9578) was diluted in 0.5% BSAC PBS-T and incubated overnight at 4 C. Secondary antibodies anti-rabbit Alexa Fluor 546 or Alexa Fluor 488 (Invitrogen, A-11010, A-11008) were incubated at room temperature for 2 h and subsequently washed with PBS-T. Slides were then mounted as described above.
All microscopy images were acquired at room temperature using one of 3 confocal apparatuses. Confocal images were taken using a Nikon Confocal C1 microscope equipped with a Ovaries were dissected in PBS 3 or 4 d after eclosion. Larval fat bodies were dissected in PBS from first in-star larva. Both tissues were then incubated with 50 mM LTR DND-99 (Invitrogen, L-7528) in PBS for 3 min in the dark. Tissues were washed 3 times with PBS and then fixed for 20 min with 4% paraformaldehyde in PBS. For TUNEL staining, fixed tissues were washed 3 times with PBS C 0.1% Triton-X-100. TUNEL reaction was performed using the DeadEnd Fluorimetric Tunel System (Promega, G3250). Samples were mounted as described above.
Protein extraction and western blot analysis
Cell, ovary and whole body lysates were extracted using RIPA lysis buffer (Santa Cruz Biotechnology, sc-24948) plus complete protease inhibitors (Roche, 11697498002). Proteins were quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, PI23228). Proteins were separated on a 4-12% or 10% NuPAGE Bis-Tris gels (Invitrogen, NP/0335 or NP0316) and transferred to PVDF membranes (Bio-Rad, 170-5061). Membranes were blocked in milk or Odyssey blocking buffer (LI-COR Inc., 927-40003) and incubated in primary antibodies overnight at 4 C. Primary antibodies included mouse anti-ACTA/actin (1:500, Developmental Studies Hybridoma Bank, JLA20), mouse anti-TUBB/tubulin (1:1000, Developmental Studies Hybridoma Bank, E7), rabbit anti-Dcp-1 (1:1000, a gift from K. 46 was added to 1 mL of Grace's insect medium (Invitrogen, 11595-030) and vortexed to mix. 100 ml of Cellfectin II (Invitrogen, 10362-100) was added to the DNA-Grace mixture and was incubated for at least 30 min. Cells (3.75 £ 10 6 ) in 4 mL of Grace medium were incubated with DNA-Grace-Cellfectin II transfection medium overnight. Schneider medium C 10% FBS (10 mL) was added back to the cells and the cells were incubated for an additional 3 d before Ni-NTA purification. Purification of His-V5-Dcp-1 FL or His-V5-Dcp-1 C<A was performed using HisPurTM Ni-NTA Spin Columns (Thermo Fisher Scientific, 88224). Cells were resuspended in 400 mL of Equilibration Buffer (PBS, 10 mM imidazole, pH 7.4) with 1% Triton X-100 (Sigma, T8787), incubated on a rotary shaker at 4 C for 10 min and centrifuged at 22000 g at 4 C for 15 min to remove insoluble material. Supernatants were added to the Ni-NTA beads and mixed at 4 C for 30 min. The column was centrifuged at 22000 g at 4 C for 2 min to remove the flow-through. The columns were then washed 3 times with 400 mL of wash buffer (PBS, 25 mM imidazole), and Histagged Dcp-1 was eluted 3 times with 200 mL of elution buffer (PBS, 250 mM imidazole). The elutions were assayed for caspase activity using the Caspase-Glo 3/7 Kit (Promega, G8091). Eluate (10 mL) was added to 100 mL of Caspase-Glo 3/7 Reagent and incubated at 25 C for 30 min. Luminescence was detected using the Wallac1420 Victor plate reader (Perkin Elmer, Waltham, MA USA). The elutions were immediately used for in vitro cleavage assays. The caspase reaction buffer used for in vitro cleavage assays was as described previously in. 46 A 100-mL reaction consisting of increasing volumes of Ni-NTA purified Dcp-1 FL or Dcp-1 C<A (10, 20, 40 mL) and 5 mL of in vitro translated Hsp83 or Drice incubated in caspase reaction buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 2 mM DTT, 0.1% Triton X-100). The reaction mixture was incubated at 25 C overnight and precipitated with 400 mL of acetone for western blot analysis.
Quantitative RT-PCR (QRT-PCR) analysis
Flies were collected and ground in 1 mL TRIZOL (Ambion, 15596-026) and total RNA was extracted according to the manufacturer's instructions. RNA was treated with DNase, and QRT-PCR was performed using the One-Step SYBR green RT-PCR reagent kit (Applied Biosystems, 4389986) on a 7900 Sequence Detection System (Applied Biosystems, Foster City, CA USA). Expression levels were calculated using the comparative threshold method with Drosophila rp49 as a reference gene. QRT-PCR primers are as follows: rp49, 5'-ATACAGGCCCAA-GATCGTGA-3' and 5'-GCACTCTGTTGTCGATACCCTT-3', and Dcp-1, 5'-CCGGAGTCTCTTGTGTTGGT-3' and 5'-GTATTCGCTTGCATATCGTTCC-3'.
Proteasome activity assay
Animals were collected 3 to 4 d after eclosion and frozen immediately on dry ice. Microcentrifuge tubes were weighed before and after on an analytical balance to determine the mass. Whole bodies were ground and incubated for 30 min on ice in 0.5 mL of lysis buffer (50 mM HEPES, pH 7.5, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100). Lysates were then separated by centrifugation at 22000 g for 15 min at 4 C. In a 96-well black plate 50 mL of lysate was added to 50 mL of chymotrypsin-like, caspase-like, trypsin-like peptide substrates from the Proteasome-Glo kit (Promega, G8531). The substrates incubated with the lysates for 10 min before the luminescence reading was measured on a Synergy H4 Hybrid (BioTek, Winooski, VT USA). Relative luminescence was then determined proportionally to total mass per sample.
MG132 treatment
Flies were fed a final concentration of 50 mM of MG132 (Cedarlane, A2585g-10mg) resuspended in DMSO and diluted with 5% sucrose (Sigma, 84097) and green food coloring. This solution was aliquoted onto wet yeast paste and fed to flies for 4 d. The control solution had the same concentrations of DMSO, sucrose and food coloring without MG132. Ingestion of the solutions was indicated by green food coloring visible in the abdomen.
Statistics
In each graph, data represent standard error of mean (SEM) of n independent experiments. As indicated in the legends, statistical significance was calculated by analysis of variance (ANOVA) plus a Dunnett or Bonferroni post test, or a 2-tailed Student t test between the indicated samples using GraphPad Prism (GraphPad Software). P values are shown in the legends. 
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